One contribution of 12 to a theme issue 'Bioinspired hierarchically structured surfaces for green science' .
A comprehensive survey of the construction principles and occurrences of superhydrophobic surfaces in plants, animals and other organisms is provided and is based on our own scanning electron microscopic examinations of almost 20 000 different species and the existing literature. Properties such as self-cleaning (lotus effect), fluid drag reduction (Salvinia effect) and the introduction of new functions (air layers as sensory systems) are described and biomimetic applications are discussed: self-cleaning is established, drag reduction becomes increasingly important, and novel air-retaining grid technology is introduced. Surprisingly, no evidence for lasting superhydrophobicity in non-biological surfaces exists (except technical materials). Phylogenetic trees indicate that superhydrophobicity evolved as a consequence of the conquest of land about 450 million years ago and may be a key innovation in the evolution of terrestrial life. The approximate 10 million extant species exhibit a stunning diversity of materials and structures, many of which are formed by self-assembly, and are solely based on a limited number of molecules. A short historical survey shows that bionics (today often called biomimetics) dates back more than 100 years. Statistical data
Introduction
Surfaces define the boundaries for the well-structured world of solids, and it is surfaces that define their interactions. They play crucial roles in our interaction with the environment: from the retinal membranes in our eye, which enable us to see the touch screen surface of our smart phone and the road surface we drive on with our metallic coated car. Surfaces also influence our perception of the world.
We know a great deal about solids, but less about their surfaces; surfaces may have very different properties from the bulk of the solid material. It was the eminent quantum physicist Wolfgang Pauli who used to say: 'God made solids, but surfaces were the work of devil'. Today, surface technologies are a central topic for material scientists and engineers (survey in [1] ). It is estimated that the global nanocoating market will reach a value of US$ 14.2 billion by 2019 [2] . Extremely water-repellent superhydrophobic surfaces play an important role in surface technology (survey in [3] ). Surfaces of living organisms can be very elaborated and complex on many hierarchical levels (figure 1); superhydrophobic plants cover millions of square kilometres of our planet (figure 2). They are the living prototypes of bionics or biomimetics.
In this paper, we will demonstrate that superhydrophobicity was a key evolutionary innovation of biological species for conquering land around 450 million years ago (Ma). The probability is convincingly high that the giant dragonfly Meganeura, which lived during the carboniferous period and had ultrathin delicate wings, was superhydrophobic (figure 3). Additionally, a phylogenetic tree with the distribution of superhydrophobic plant surfaces indicates that the Ginkgo trees had hierarchically structured surfaces composed of the secondary alcohol nonacosan-10-ol as early as the Jurassic period (figures [4] [5] [6] .
The overwhelming diversity of plants and animals in shape, colour and function has always fascinated students and scientists. Each of the approximately 10 million existing species has optimized 'technical' solutions to respond to particular environmental conditions. The results of millions of years of biological evolution of millions of species are freely available to scientists that begin to look to biologically inspired solutions for technical products [6] .
On the basis of our personal experience analysing around 16 000 plant species (plus several thousands of animal and technical surfaces) documented in approximately 220 000 scanning electron micrographs in our archives, we provide a survey of construction principles, occurrence and the evolution of superhydrophobic surfaces in biology. The biomimetic applicability, including a new functionality, is highlighted.
Mimicry of nature? Biomimetics, bionics, lotus effect and bioinspired design-history and terminological confusions
A new science was born between 1800 and 1926: biotechnik [7] , today abbreviated to bionik, bionics or biomimetics (survey and literature in [6] ). The early works concentrated on electricity and flying machines, fundamental are the construction of the first electric battery based on the prototype of the electric ray (Torpedo torpedo) by Alessandro Volta in 1800 and the construction of aeroplanes by Otto Lilienthal in the 1890s. However, the idea of biological inspiration is considered much older: Icarus in Greek mythology or the drawings of Leonardo da Vinci. Complex hierarchical surface structuring of more than five levels in the succulent Crassula columnaris. The single leaves show waxes, papillate epidermal cells and elaborated leaf margins, plus a spoon-like curvature of each leaf. The particular arrangement of the leaf along the shoot axis prevents an insolation of the whole lamina: the plant grows in its own shade in South African deserts. Crassula exhibits high complexity of multifunctional hierarchical surface sculpturing in the extreme. Some succulents are marvels of surface 'technologies': within closely related genera, superhydrophilic and superhydrophobic species occur; sometimes, in the same species with chemical heterogeneities to absorb dew and to repel fungal spores by self-cleaning.
(Online version in colour.) Figure 2 . Plants, the green blanket of our planet, are the basis of our existence (food, timber, pharmaceuticals and oxygen production). They also provide millions of square kilometres of superhydrophobic surfaces like in the picture (Oder National Park, Germany). The reed (Phragmites australis) in the background has self-cleaning superhydrophobic surfaces, an inspiration for the biomimetic Lotus Effect products. The superhydrophobic floating fern (Salvinia natans) has led to fluid drag reducing Salvinia Effect surfaces and could be applied to the boat hull. Like in many crops (e.g. wheat, rice), superhydrophobicity is a crucial factor in our biotic environment. Source: Christoph Nowicki. (Online version in colour.)
in this field was the loop and hoop fasteners (Velcro ) by George de Mestral in Switzerland in 1958. Structural-spatial surface analysis was-as is often the case in science-a result of a new technique: the introduction of scanning electron microscopes (SEMs) in the late 1960s. Superhydrophobic hierarchically structured surfaces were first described in [8] [9] [10] . Materials scientists and engineers entered the research field only after 1997 when we [11] This biomimetic surface is generated in a biomimetic process (self-assembly): both architecture and the fabrication process are bioinspired. (b) Dust-contaminated surface of a superhydrophobic Lotus textile is cleaned by rolling tomato ketchup drops. Source: (a) from [5] . (Online version in colour.) 1 9 9 0 1 9 9 1 1 9 9 2 1 9 9 3 1 9 9 4 1 9 9 5 1 9 9 6 1 9 9 7 1 9 9 8 1 9 Number of mentions of the terms 'lotus effect' (black bars) and 'superhydrophobic' (white bars, including 'superhydrophobicity') in the publications listed by the ISI. The lotus effect was first coined in 1992 in our German publication [10] not listed by ISI, but was noted with the publication of Barthlott & Neinhuis [11] . Superhydrophobic was possibly first mentioned in 1986 [12] , but starts to appear in significant numbers only after 2002, as a consequence of the 1997 lotus effect paper [11] .
hierarchically structured technical surfaces-today's vast number of publications (figure 7) attests to this (surveys in [13] and [3] ). With our discovery of the Salvinia effect for persistent airretaining surfaces under water [14, 15] , additional interest in drag reduction and other functions arose.
Bionics and Biomimetics are considered here to be synonyms. The field may be defined as the 'Study and application of construction principles and systems in living organisms for the design of sustainable technical solutions'. For a detailed discussion of these terms, we refer to Barthlott et al. [6] , who provide an analysis of the vast literature on the confusing definitions and historic background of bionics, biomimetics and bioinspiration between science, arts and marketing. The leafhopper Paulinia acuminata feeds exclusively on Salvinia and is hard to detect because of its protective coloration and surface appearance imitating its host plant: camouflage, a form of mimicry. But in convergent evolution, Paulinia also developed superhydrophobicity by analogous, but chemically different, wax crystals for its life in a semi-aquatic habitat. (b) Package of a fluorized polymer-coated (e.g. 'Teflon ') baking pan. The product suggests that it is bionic and refers to the Lotus Effect in detail and is named 'Lotex-everclean' . However, it does not differ from the billions of other pans in use since the 1960s. We expect the majority of 'bionic products' currently on the market are in fact parabionic: Bionics is purely a marketing tool. Sources: (a) from [17] and (b) photo taken from the package bought in a department store. (Online version in colour.)
Biologically inspired design (BID) or bioinspiration means 'inspired by biology' and is as old as mankind: from the biomorphic palaeolithic paintings in the caves of Lascaux, Daedalus and Icarus, and the Trojan Horse, to the sculpture Queens vagina in the gardens of Versailles of 2015. The impressive Cadillac tail fins of the 1960s represent a classic example of bioinspired design. We may call this category biodecoration; it does not claim to be functional. The ambiguous term bioinspiration has become part of colloquial speech and is a term commonly accepted in the fashion industry, marketing and science.
Functional BID is usually called 'bionics' or 'biomimetics'. The geologist Henry Shaler Williams coined 'bionic' as a scientific term as early as 1901-although in a different sense than it is used today. Bionik, as an abbreviation derived from 'biologie und technik' [7] , was established as a science between 1880 and 1926. The term was re-invented by W. V. Foerster W. McCulloch and J. Steele at the military symposium 'Bionics-living prototypes, the key to new technology' [16] and was possibly derived from the terms biology and cybernetics. Warren McCulloch and Otto Schmitt also first published the more or less synonymous terms biomimesis and biomimetics in the same year, 1961.
The superfluous and misleading term biomimicry was introduced in a thesis in 1982. Mimicry is well defined and discussed in biology since its introduction into science in 1862 and means the imitation of a biological role model ('living prototype' of bionics) by another species, but with a different function. An intriguing example is illustrated in figure 8 : the leafhopper (Paulinia acuminata) imitates the protective coloration and surface appearance of its host plant Salvinia: a phenomenon called camouflage, a form of mimicry, to deceive predators [17] . Mimicry (in this case, camouflage) is just the opposite of what bionics is meant to be-mimicry is per definition the story of cheats and deceits. Fundamental misunderstandings exist: biomimetics is regarded as 'mimicry of nature' [18] . However, bionics is exclusively inspired by living nature: atomic reactors are inspired by nature too, e.g. by natural nuclear fission or the nuclear fusion in our sun, but they are neither biomimetic nor bionic or even 'mimicry'.
There is no clear separation between the terms bionics, biotechnology (coined 1919), and bioengineering (coined 1939), the latter of which often defining bionics as a subdiscipline [19] . Bionics tends to be used in reference to constructions, whereas biomimetics, possibly the more commonly used term today, tends to be used for materials. For example, a building may be referred to as bionic but its surface as biomimetic (figure 9).
Bionics and biomimetics are buzzwords in marketing, like all the prefixes bio-, eco-or 'green'. They are increasingly used for products and processes that are non-bionic. This might Figure 9 . A biomimetic superhydrophobic Lotus Effect coated building (Technoseum, a technical museum in Mannheim, Germany). The self-cleaning paint (STO Lotusan ) is sustainable and lasts several decades-facades must be repainted after this time normally anyway. The building itself may last in the optimal case more than a century. Time-limited adequate sustainability is a principle of living prototypes and thus an essential component of the definition of bionic/biomimetic products. Source: Photo, Technoseum, zooey braun' . (Online version in colour.) be motivated by 'marketing considerations' that have intruded into these domains. This watering down of established terminology has led to mixed feelings in the scientific communities working in these fields. For obvious reasons, no reliable statistics are available. But by investigating Internet sources (the term bionic had about 22 million hits on Google in early 2016) and from personal experience gathered over two decades with the Lotus Effect , the term bionic seems to be predominantly used as a marketing tool for non-bionic products. In the specific case of lotus surfaces, it is estimated to apply to more than 80% of products on the market. Therefore, we use the term parabionic for products or processes pretending to be bionic but having neither a bionic function nor a bionic origin. Parabionics plays many important roles: from product marketing (figure 8) to fundraising in research programmes. For further reading and references concerning this chapter, we refer to [6] .
Superhydrophobicity and the lotus effect are terms in general use today. The chemically based physical interaction between flat surfaces and liquids, i.e. wettability, dates back to 1805 with the introduction of Thomas Young's equation, which limits the contact angle to about 120 • or less on flat surfaces. Superhydrophobicity is usually defined as exhibiting a contact angle between water and solid of greater than 150 • . For these contact angles in non-ideal rough solid surfaces the models by Wenzel [20] and Cassie & Baxter [21] used non-ideal rough solid surfaces as a basis. 'Sculptural element' (spatial hierarchy) is responsible; but chemical heterogeneities may also lead to superhydrophobicity [22, 23] .
Hierarchical surface sculpturing (not necessarily structuring: discussion in [8] ) is usually the prerequisite for the phenomenon known as superhydrophobicity. The term 'superhydrophobic' has been used informally since 1976 [24] and first used as 'superhydrophobic' in a publication [12] . In recent years, the synonymous and superfluous term ultrahydrophobic has been used. The principle of biological hierarchically structured superhydrophobic and antiadhesive surfaces was first described in 1977 for a system of usually two to three 'superimposed sculptural levels' to reach mechanically stable extreme non-wettability, and low adhesion for selfcleaning abilities [8] and for drag reduction [15, 25, 26] . The self-cleaning, later called the 'lotus effect' [10, 11] , was discovered in the leaves of Indian cress (Tropaeolum), cabbage (Brassica), reed (Phragmites) and others. Lotus leaves (Nelumbo) were only analysed after 1985; they are still considered to be the ultimate biological role model [27, 28] .
The publication on The purity of sacred lotus [11] was rejected for publication by five renowned journals; the reviewers were not ready for a change in paradigms in surface technologies. In 2016, the lotus effect (Barthlott and Neinhuis [11] ) had gained almost 4000 citations according to Google Scholar (compare figure 7) . Indian and Chinese co-workers and students drew our attention to the fact that the remarkable properties of the lotus were mentioned in the ancient texts of the Bhagavad-Gita and in Chinese writings. The properties of the lotus were traditional knowledge in Hinduism and Buddhism; in contrast, there was a complete omission the general western knowledge at the time. The usage of the term 'lotus effect', closely followed by 'superhydrophobic', shows the remarkable increase (figure 7) starting in 1990, based on the data supplied by the Institute of Scientific Information (ISI). A general search machine such as 'Google' provides (May 2016) around 600 000 hits for 'lotus effect' and about 520 000 hits for 'superhydrophobic'.
Database, literature, methods and material
This paper is based on our own-and only partially published-research and the knowledge in the vast amount of existing literature. The first author (W.B.) started to analyse biological surfaces with a focus on plants using an SEM in 1971. We analysed around 16 000 different species of plants plus about 4000 animal and technical surfaces over more than four decades and almost 220 000 SEM micrographs have been accumulated in our archives for scientific studies and are used as a source for this paper.
The methods we applied for our own research were not only refined light microscopy, but also mainly SEM supported by transmission EM and atomic force microscopy (AFM). Additional techniques such as the focused ion beam technique, white light profilometry, pulse amplitude modulated fluorometry and laser confocal microscopy were also used.
Barthlott & Ehler [8] summarized the early literature on plant surfaces. Waxes-the main reason for superhydrophobicity in plants-are discussed in [9, 11, 29] . A very large database on the surfaces of virtually all groups of vascular plants is published in six comprehensive monographs published in the transactions of the Academy of Science and Literature in Mainz [30] [31] [32] [33] [34] [35] . All volumes are available as pdf files under www.lotus-salvinia.de or ResearchGate. Additional surveys of the development, functionality and biomimetic applications of superhydrophobic plant surfaces and waxes were published in [3, 5, 28, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] .
Functions like self-cleaning (lotus effect) are analysed in [8, 9, 51, 52] , and in detail in [11] as well as in [3] , whereas the biomimetic applicability is reviewed in [13] . Persistent air layers under water (Salvinia effect) are discussed in [14, 15, [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] .
In animals, much of the existing research concentrates on insect surfaces. Specific examples can be found in [3, [63] [64] [65] [66] [67] [68] [69] [70] .
The physics and biomimetic application of superhydrophobicity is summarized by [13] and in general in [3] . For the physics and wetting of surfaces, we refer to [71] [72] [73] .
Hydrophobicity in non-biological natural surfaces
In non-biological natural surfaces, we have found no evidence for stable hydrophobic or even superhydrophobic surfaces. angles with water up to 120 • on flat surfaces. Literature on the wettability of natural occurring non-biological surfaces is surprisingly scarce.
Flat non-biological materials that are hydrophobic can be found; they have contact angles of around 100 • , e.g. in layered graphite crystals, in pyrophyllite, in sulfur or its derivatives like pyrite, molybdenum disulfide, and oxides of rare earths [74] . If these surfaces become rough, they reach higher contact angles and may reach superhydrophobicity under artificial conditions: for example, diamond films [75] or phosphates of rare earths like lanthanum [74] , in which nanorods are the morphological basis. Hierarchically structured inorganic surfaces of these or similar materials may occur in nature in statu nascendi and are often associated with volcanic activities (e.g. sublimate sulfur) or on fresh fractured surfaces of a weakly hydrophobic bulk material and may have higher contact angles owing to hierarchical structuring, but this is an unstable condition. When water is applied to various 'powders', agglomerations of very small particles often show short-term superhydrophobic behaviour and even without being hydrophobic, the droplets roll off. However, this is an unstable condition (see §5).
To conclude, there is no evidence for persistent superhydrophobic materials in nature, with the exception of biological surfaces. It is a physical phenomenon based on the properties of chemically and structurally complex surfaces; restricted to and evolved in living organisms during the last 450 million years (Myr) of life in terrestrial habitats.
Superhydrophobicity in biological surfaces: construction principles
We restrict the definition of superhydrophobicity to stable non-wettable entire surfaces. Temporary short-lived superhydrophobicity occurs in hierarchically structured organic materials like peat: when rinsed with water, droplets roll off with high contact angles mainly caused by humic acids that cover the fibrous organic matter. After a few minutes, the surface becomes hydrophilic [76, 77] : the absorption of water causes a switch from a superhydrophobic to a superhydrophilic state, an experience every gardener has undergone while preparing substrate for potting plants. We are also aware that hierarchically structured soot layers deposited by a burning wax candle are superhydrophobic, but these are derivatives of fossil organisms containing a broad spectrum of organic substances and the layers are again very unstable.
A burning candle is a simple reactor to generate nanoparticles, which again leads to the point discussed in §4. One can easily observe that agglomerations of very small particles may cause superhydrophobicity such as brochosomes in grasshoppers [78] . In another context, hydrophobic particles may cause severe ecological and economic problems connected with soil water repellence in many regions of the world [79] . The structure alone may cause temporary hydrophobicity even in hydrophilic materials: water droplets may roll of a tilted plate when covered with flour (starch, an organic hydrophilic polysaccharide) like on a lotus surface. This is also a part of the secret of the well-known Lycopodium powders: the clubmossspores (diameter ca 30 μm) are weakly hydrophobic, but as powder, they exhibit remarkable functionalities. Many spores-even of aquatic organisms such as the spores of Isoetes or fungi, or myxomycetes [80] are hydrophobic for dispersal purpose. While even the prokaryotic bacteria are able to synthesize waxes and related substances [81] , it is no surprise that bacterial spores like in Bacillus and Clostridium are hydrophobic [82, 83] . Powdery agglomerations of hydrophobic particles may exhibit instable superhydrophobic properties like flour. However, true stable hydrophobicity in surfaces has only evolved in living organisms.
(a) Chemistry and hydrophobicity
Surfaces of plants and animals-with the exception of primary aquatic members such as molluscs or anthozoa-are composed of mechanically and chemically very stable polymers. In higher plants, the polymer cutin (omegahydroxyl-fatty acids and their derivatives) is the most important, whereas cutan (a hydrocarbon polymer) is less prominent and possibly absent in some groups [84] [85] [86] . The vast majority of animals are arthropods such as insects, spiders and crustaceans. Their exoskeleton is composed of chitin, a long-chain polymer of an N-acetylglucosamine, a derivate of glucose. Chitin is also the main cell wall constituent of fungi and occurs in several other groups of organisms (e.g. molluscs) and even in algae [87] . The second relevant groups are terrestrial vertebrates such as mammals, reptiles and birds. Their skins, hairs, nails and feathers are basically formed by the fibrous structural protein keratin.
All these materials are not very hydrophobic. The contact angle of chitin measured by [66] reached 100 • , but a pretreatment to remove molecular wax films was not done. One crucial factor is sometimes overlooked: surfaces of land-living organisms are probably all covered with fatty or waxy layers. They may often occur only as molecular films, but can also be found in crusts up to 1 cm thick in plants. The most important chemical group in plants is 'waxes' of very differing composition, mostly occurring in mixtures of different compounds. They are able to form crystals and thus contribute to the hierarchical sculpturing of the surface (figures 10-12). 'Waxes' can be removed by treating the surface with organic solvents (cutin is not soluble); this is also a good test to prove their presence. A still unidentified chemistry is responsible for the large nonsoluble rodlets covering the seeds of Scleletium (figure 13) [88] . Another unresolved phenomenon is the arrangement of wax platelets around stomata in certain monocotyledons, which brings to mind magnetic field lines (figure 12). A survey of the chemistry and morphology of waxes among plants is provided in [29, [89] [90] [91] , and waxy compounds are even identified from fossilized species of Azolla [92] . The important compound nonacosan-10-ol was synthesized by Dommisse et al. [93] ; wax chemistry and crystallinity is discussed in more detail under Evolution ( §8). Crystalline waxes occur in some insects such as mealybugs, beetles, grasshoppers, dragonflies and butterflies [65] . Fatty or oily compounds are produced on the keratinous skin of most [88] and (b) from [29] .
vertebrates or they are produced by specific glands (e.g. uropygial gland in birds) and spread over the whole surface to induce superhydrophobicity.
(b) Hierarchical structuring: the key to superhydrophobicity in biological surfaces
In reference to the foundational papers and principles previously introduced in §3, the basis for superhydrophobicity is surface structuring. In the Cassie state, water is only in contact with the tips of the structural elements, thus causing a chemical heterogeneity of the 'surface'. Living organisms have optimized this principle over 450 Myr of evolution, resulting in an astonishing diversity of complex hierarchically structured surfaces. Hierarchical structures cause an extreme reduction of surface contact area (figure 14) and prove to be mechanically more stable [11] under dynamic conditions than simple structured surfaces. This is the principle of superimposed hierarchical sculptures [8, 51, 52] . Contact angles approaching almost 180 • are realized in lotus leaves [28, 94] . • and 175
• are indicated by the water droplets (left), the result of hierarchical structures is extreme superhydrophobicity. The contact area of the contaminating particle is reduced dramatically (right): in the ideal case between the flat surface and particle, it should be 100%, with one hierarchical level 6% and with two hierarchical levels about 0.7%. The lower schematic represents the lotus effect, but in a real lotus leaf the rodlets and cells are irregular and the contact area can become less than 0.09%. thousands of plant surfaces constitute the rule, that e.g. wax crystals and cuticular fold exclude each other. In insects, these structures are often formed by the chitin layer, e.g. as bristles (figure 16), or scales on butterfly wings (figure 17) or by microvilli (figure 16), in vertebrates by keratinous material (Gecko foot, rami of the first order in birds). Third structural level. Unicellular (multicellular in certain hair types in plants) structures usually caused by particular shapes of the outer cell wall which may vary from convex to papillose cells and ultimately to hairs (figure 13b), which may be unicellular or multicellular (for a terminology, see [8, 14] ; dimensions range from about 2 μm to several centimetres, i.e. in trichomes (hairs). Structures of the second level may be superimposed to structures of the third level (figure 13b). Fourth structural level. Multicellular structures caused by specific arrangement patterns of groups of epidermal cells (figure 18a). There is a wide variety of possibilities for this group of structuring. Fifth structural level. Macroscopically visible curvatures of the whole organ surface, often to separate functional compartments on the surface of an organism (figures 1 and 18b,c). Hierarchical structuring is defined as having a combination of at least two levels, in the simplest case level one and two, which is sufficient to create a superhydrophobic surface. For a persistent superhydrophobicity, a combination of levels one to three is required, like in the example of the lotus (figures 14 and 19) . On the complex surface of e.g. Crassula columnaris (figure 1), one can discern more than five levels. Air-retention under water requires particular conditions-perhaps the most complex biological surfaces are evolved to retain persistent air layers under water. Air layers per se are present in all superhydrophobic surfaces submersed in water, but in the case of the lotus they are thin (around 15 μm) and not very stable. In organisms that depend on the air layer for different ecological reasons (respiration, drag reduction, sensing), these layers have to be thick and stable. Air layers with a thickness up to 3.5 mm and more (figure 20) can be found in nature. Salvinia evolved the most efficient complex and sophisticated surfaces we have observed (figures 21 and 22). Thus, we named the air-retention syndrome of four essential criteria Salvinia effect [14] . A fifth nonessential criterion (chemical heterogeneities of anchor cells) occurs in Salvinia molesta and closely related species [15] . The physical dependence has been analysed by [55, 96] . The four essential criteria for the Salvinia effect are listed below, the additional non-essential criterion is added:
1. Hydrophobic chemistry. The material must be hydrophobic. Smaller hierarchical sculptures (wax crystals or microvilli) support the maintenance of the superhydrophobicity caused by the filaments (2) under dynamic conditions. 2. Filaments, hairs or bristles determine the distance between the solid and the liquid and thus provide space for the amount of air to be enclosed. Their lengths range from micrometre to the centimetre dimension, preferably between 1 and 5 mm. 3. Undercuts of the filaments, hairs or bristles. Undercuts or often simple inclinations are necessary to better retain the air and they are the precondition for the elasticity [57] . 5. Chemical heterogeneities (Salvinia paradox) is an additional refined mechanism to stabilize the air-water interface under dynamic conditions [15] . In contrast to the otherwise superhydrophobic surface (nanoscopic wax crystals), the tips (the four anchor cells) of the elastic egg-beater-shaped multicellular hairs of S. molesta [53] are hydrophilic. This causes a stable spatially restricted connection (pinning) of the interface between the solid and liquid (figures 21, 22 and 23). The pinning prevents the loss of air under negative pressures by reducing the formation of large air bubbles. The adhesion forces in trichomes with chemical heterogeneities are doubled [15] . We observed an additional sophisticated mechanism that enhances the pinning effect: the hydrophilic anchor cells show a slight hygroscopic movement in contact with water; this optimizes contact area and angles, allowing for the chemical heterogeneities to maximize air layer stabilization.
Air-retaining grids. Grid-like-structures, introduced as a technical biomimetic solution in §9, are extremely scarce in biological surfaces owing to developmental reasons. The only biological role model seems to be the mite Hydrozetes [98] , where the grid fulfils the function of a plastron. Structures similar to grid-like structures occur in Aeginetia indica (figure 24) and in many other miniature seeds, like in orchids [99] and Orobanchaeae [52] . True biological grids are embedded in plasmatic covers, e.g. in the mineralized skeletons of diatoms or radiolaria. Spectacular grids occur in certain Phallus-related fungi, like the Veiled Lady (Dictyophora indusiata) or in the aquatic Lace Plant (Aponogeton madagascariensis), but their functions are unrelated to air retention. Compartmentation. Independent of the criteria listed above is compartmentation-defined as a fragmentation of the air-retaining surfaces into smaller units ( figures 18 and 24) . Compartmentation of the air layer plays a crucial role: small compartments are more stable under dynamic conditions. Vertically surfaces inserted in water (as is the case in ship hulls) would not be able to maintain the air layer within the increasing hydrostatic pressure without compartments. Thus, we find many examples of biological surface compartmentation; the dimensions vary from the microscopic in Eschscholtzia or Aeginetia seeds (figures 18a and 24) to the much larger units the entire leaf of Salvinia cucullata ( figure 18b,c) . The margins of the compartments show an elaborated architecture [53] , a particular 'edge effect' preventing the escape of air [60] . These biological construction details provide important information for biomimetic technical surfaces ( §9).
The biological diversity of hierarchical structured surfaces is almost endless and does not fit in an ultimate classification system: figure 1 exhibits such an overly complex system of leaves, which when investigated at the SEM dimension-scale, are all equipped with structures up to more than five levels and particular elaborate margins for their multifunctionality.
Biological functions
Biological surfaces are always multifunctional (overviews in [26, 50, 51, 100] ). The functions are always sustainably persistent and are maintained as long as the function of the surface is essential. Aspects of mechanical stabilization (cuticles in plants and animals) are connected with the interactions of gas (air exchange), loss or uptake of water, coloration (e.g. butterflies, figure 17) , adhesion (e.g. geckos), non-adhesion (e.g. lotus) or water-repellency per se, often with the physical constraint to maintain an air layer submersed in water (e.g. Notonecta). Superhydrophobicity plays many functional roles, which may coincide with intriguing interactions. (b) (a) Figure 26 . (a) Contaminating dust particle on an insect wing (Cicada orni) indicating the reduced contact area of the particle, which reminds one of a fakir on his bed of nails. (b) A rolling droplet removes dirt particles from a lotus surface. Source: (a,b) from [11] .
rauhii, a 'tank bromeliad', are hydrophilic, whereas the aerial parts are superhydrophobic. The submersed leaves of the floating fern Salvinia are hydrophilic, the leaf surfaces exposed to the air superhydrophobic. Alternatively, floating leaves of Marsilea are hydrophilic, whereas those raised above the water surface are hydrophobic [101] .
Terrestrial mammals and birds, which temporarily live on water or dive, are-in contrast to amphibians and reptiles-usually superhydrophobic: ducks and geese, shrews and others. These organisms remain dry, like the fishing spider ( figure 20) and some other arthropods. In almost all birds, hydrophobicity is an essential prerequisite to maintaining flight in rain or mist (see §7).
2. Reduction of adhesion to trap insects: wax surfaces in carnivorous plants are used to capture prey (e.g. Sarracenia and Nepenthes) or in flowers to temporarily trap pollinators (e.g. Ceropegia, Aristolochia) or to avoid unwanted nectar thieves (e.g. Fritillaria imperialis and Lapageria rosea). Superhydrophobicity is not the primary function in anti-adhesive surfaces, but only a result of a coating of nanoscopic wax crystals.
3. Reduction of adhesion to avoid contamination: the well-known example of the lotus-effect [11] enables plants to be cleaned from any kind of contaminating particle by raindrops (figures 14 and 26). Biologically, such surfaces in plants and animals should be primarily seen as a defence mechanism against fungal spores (figure 27) and colonization with other microorganisms. 27 . The biological-ecological role of the lotus effect in plants is mostly the defence against pathogens trying to colonize their surfaces: (a) the germinating spore of the corn mildew Blumeria graminis has obvious difficulties to establish itself on the superhydrophobic grass leaf. To overcome the superhydrophobic barrier in agriculture worldwide, the application of pesticides is possible only by adding surfactants. (b) Shows the leaf area after evaporation of the surfactant droplet in which the wax cover has turned from a hydrophobic to a hydrophilic behaviour resulting in an accumulation of contaminating particles and fungal spores. This is an overlooked or ignored effect in agricultural industries. Source: (b) from [102] .
into water, but after a short period (often only minutes) they change into a hydrophilic state to absorb water for their function. Examples are very common in the so-called dust seeds, which are dispersed by wind ( figure 24 ). The hierarchically structured surface results in high Reynold numbers, enabling the seed to fly/float in the air over a longer period of time-they are usually superhydrophobic, but when they land on the ground they gradually lose their hydrophobic surfaces (Drosera) to take up water for germination. A full range of these structures is described and illustrated by orchids in [99] . Buoyancy certainly also plays a critical role in certain insects such as Clunio or some Collembola that live on water surfaces (e.g. Podura aquatica).
Air layers for thermal isolation. In semi-aquatic homoeothermic vertebrates (birds and mammals), a persistent air layer may play a role as an isolation device for the survival of warm-blooded animals in cold water like in the water shrew Neomys fodiens [103] .
Air layers for gas exchange (respiration) in primarily non-aquatic organisms living temporarily or permanently under water. This so-called plastron function for respiration-and sometimes buoyancy-is well known from terrestrial insects that secondarily live under water (e.g. Aphelocheirus aestivalis [54] and spiders (Argyroneta)) and need air for respiration. The remarkable undercut, grid-like structure in the mite Hydrozetes [98] serves as plastron. Springtails (Collembola) even withstand considerable external pressure without losing the ability to restore the plastron [104] . This is probably also the biological function of the Salvinia leaf and other plant surfaces: this extremely fast-growing pest plant (they can double their biomass within 4 days) maintain their function when temporarily pushed under water.
Air layers for fluid drag reduction, there are several well-known examples. The mechanism is fairly simple: the air layer serves as a slip agent. On solid surfaces, the velocity of the water directly at the surface is zero owing to the friction between the water molecules and the surface (figure 23a). If an air layer is mounted between the water and the solid surface, then the water streams over the air layer. The viscosity of air compared with water is 55 times lower, because of this the air layer serves as a slip agent, and the drag is reduced [105] . As the air layer must be supported by solid structures, the value of drag reduction highly depends on the contact area of these structures with the water and their properties.
Air layers as slip agents have evolved in many insects. We have focused on the forewings (elytra) of backswimmers (Notonecta) as a biological role model for biomimetic fluid drag reducing air-retaining surfaces (figure 23). Notonecta uses its air layer for fluid drag deduction, as well as other functions (below). A double structure of hairs and microvilli (figure 16b; [69] ) is responsible for the air retention [54, 106] . In other arthropods (e.g. the fishing spider Ancylometes), the air layer most likely serves as a slip agent. In addition to insects, several other aquatic and semi-aquatic species are able to keep air layers under water, and some of them (ducks, kingfishers, etc.) might also profit from the drag reduction capability of the air layer. It should be added that other surface modifications not involving an air layer have evolved for drag reduction, primarily in aquatic organisms: the riblets of sharks as well as the compliant skin of dolphins [107] . The elegant controlled release of air trapped inside the plumage of penguins immediately before jumping out of the water is a completely different mechanism [108] .
Air layers for sensory functions. In the backswimmer Notonecta, the forewings (elytra) exposed to the water (figure 28a) are covered by an air layer to reduce drag [106] . The air layer is stabilized by up to 250 curved bristles per square millimetre (figure 28b) which have an additional sensory function. Notonecta uses the compressibility of the air layer and the flexible air-water interface touching the elastic bristles as a 'membrane' to detect pressure changes: the bristles displacement is recognized by mechanosensitive cells. The backswimmer uses this sophisticated sensory system for pray detection as it hunts small fish. Notonecta sensors will probably have many biomimetic technical applications.
Air layers for camouflage. In Notonecta, the air layer may have an additional and unrelated communication function: there is evidence that it camouflages the 'silvery' reflecting insect (figure 28a) as seen from the perspective of a fish against the 'silvery' reflecting water surface. The elastic air layer may even camouflage Notonecta from sensory detection by its prey: it could prevent location detection by sonar, which may have an important future technical application (see §9). figure 20) . The spider has an indumentum of thousands of hairs, which in spiders generally fulfil mechanosensory functions [109] . It is possible that they show all the functions mentioned for Notonecta. There is an additional broad range of biological surface sculpturing functions which are not linked to superhydrophobicity: such as structural coloration, friction, adhesion or abrasion.
Multifunctionality, like in the backswimmer
Air bubbles under water fulfil a very peculiar function in the flowers of the aquatic or wetland plants of the family Menyanthaceae (Nymphoides, Liparophyllum, Villarisia, Menyanthes), like in the pantropical white 'water snowflake' Nymphoides indica or the Australian yellow N. crenata and N. geminata. The star-shaped flowers (1-3 cm diameter) are covered by hairs like a spider or have elaborate fringes, they open above the water surface. When pulled under the water, the flower entraps a large air bubble and rapidly closes like a bud. When it again appears above the water, it opens instantly; both movements are very fast and jumpy. This is an elegant mechanism to maintain the function of the flower by the criteria of the Salvinia Effect with an additional peculiarity: the petals behave like flexible solids, the movement is caused by the dynamic forces of the solid-air-water interfaces on elastic thin plates.
Distribution of superhydrophobicity in organisms
Superhydrophobicity evolved with the conquest of land some 450 Ma. Aquatic organisms are hydrophilic, but may produce superhydrophobic surfaces when organs or structures (mainly dispersal units: seeds, eggs or spores; flowers) emerge from water. The particular case of 'superhydrophobic' spores in prokaryotic bacteria is discussed in §5. For the non-biologist, it should be added that hydrophobicity is usually restricted to particular organs or even portions of them: in leaves, there can be a fundamental difference between the upper and lower side of the leaf and the stem of the same plant may also be functionally different. The water-absorbing roots are always hydrophilic. To illustrate this phenomenon: when systematically analysing wax covers for phylogenetic reasons, we never found superhydrophobic surfaces in the epiphytic and thus hydrophilic leaves of hundreds of Orchid species [32] . It took us decades to discover superhydrophobicity in some fruits and even in some seeds [99] .
(a) Plants
Aquatic submersed plants are all hydrophilic and therefore wettable; they have flat surfaces and are colonized by biofilms.
All terrestrial groups of plants have evolved superhydrophobic surfaces (figures 6 and 29). Primarily aquatic organisms like algae are hydrophilic, but may exhibit complex hierarchically structured surfaces (e.g. Coccolithophorida). Plant groups that ecologically depend on the cuticular absorption of water ('ectohydric' plants) predominantly have hydrophilic surfaces, but may be partially non-wettable for functional reasons (figure 30). A comprehensive overview of wax crystals with respect to systematic affinities covering all vascular plants is given in [110] .
Mosses. Virtually, all species are ectohydric, but in Bryophyta (e.g. Polytrichales, Andreaea, Saelania) and Marchantiophyta (e.g. Plagiochasma rupestre), there are a few species that are superhydrophobic. In bryophytes, the reproductive structures of the diploid sporophyte, specifically the peristome, may exhibit epicuticular wax crystals (figure 30). No superhydrophobicity has been detected in hornworts (Anthocerotophyta).
Ferns and allies. Primarily, the ectohydric Sellaginales and virtually all species of Lycopodiales have non-structured wettable surfaces. One of the few exceptions is Huperzia saururus. In addition, the spores of aquatic representatives like Isoetes sometimes exhibit wax-like sculptures on the surfaces. True ferns (monilophytes) are fully equipped with the full range of superhydrophobic wax coatings (figure 25) in a surprisingly high chemical diversity including crystalline flavonoids and triterpenoids (surveys in [9, 111] groups. However, presence or absence may differ even among closely related taxa, even two species of one genus. Surface wettability differs dramatically in the particular organ surfaces, depending on the functional constraints: completely wettable plants may have superhydrophobic seeds and vice versa. Aquatic submersed angiosperms have non-hierarchical wettable surfaces (e.g. Zosteraceae) usually colonized by biofilms, but may become superhydrophobic within hours in flower producing shoots emerging above the water surface (e.g. Myriophyllum). Epiphytic plants-e.g. the large families of Orchidaceae and Bromeliaceae-depend on foliar uptake of water and are hydrophilic as a basic rule.
(b) Animals
As in plants, superhydrophobic surfaces have evolved in all land-living major clades in the animal kingdom. The diversity of structures and functions covers all interactions ( §6), not only water repellency for respiration, but also for increasing complex sensory systems.
Arthropods. The most speciose group of animals with predicted 4 million different species living on our planet. Their massive exoskeleton consists of chitin, which is hydrophilic in the primarily aquatic groups like the crustaceans.
Spiders are usually covered by an indumentum of hydrophobic hairs (figure 20) which fulfil sensory functions (survey in [109] ). In particular, spiders living temporarily in water have developed extreme superhydrophobicity like Argyroneta argo or the water-hunting spider Ancylometes.
Insects-the largest group-are required to be water-repellent because of their respiration mechanism. The chitin may be covered by a molecular wax film, and contact angles of about 100 • have been measured [66] . Massive crystalline wax protrusions can occur. Insect surfaces are often hierarchically sculptured by bristles and microvilli [69] and are thus superhydrophobic. The literature on insect surfaces is vast (surveys in [63] [64] [65] [66] [67] [68] [69] [70] ).
The delicate thin wings of insects are usually superhydrophobic (survey in [66] ). Specifically, the multifunctionality of the complex structuring of the microscopic scales in butterflies ( figure 17 ) is well researched, the functions reaching from self-cleaning to the properties in iridescence. In the Namib Black beetles, the chemically heterogeneous waxy surface of the elytra with hydrophilic spots fulfils a rather complex fog harvesting function [112, 113] . Collembola have recently been investigated in detail. As springtails respire through their body surface, it is essential to keep this surface dry and clean, as otherwise they risk suffocation. The remarkable surfaces (figure 32) consist of a primary structure of rhombical or hexagonally arranged granules, as well as bristles. Additional secondary granules may exist in several species. The variation of these patterns seems to be an adaptation to the habitat [114] . The chemical composition, however, is similar to other arthropods [104] . In addition to a perfect superhydrophobicity, the collembola surfaces also repel a broad range of organic solvents and may resist pressures up to six bar [115] . The most surprising fact still is that the superhydrophobicity is purely structurally determined and independent of the chemical basis [115, 116] . For this reason, the highly complex surface topography exhibiting overhanging surface structures with undercuts evolved. First attempts have been made to transfer these properties to technical materials [117, 118] .
Some aquatic insects have wettable surfaces such as diving beetles (Dytiscus) or giant water bugs (Belastomidae); however, the tracheal endings are superhydrophobic to ensure the uptake of air at the water surface.
Many aquatic insects hold an air layer that functions as a plastron for gas exchange [98, [119] [120] [121] : for example Aphelocheirus aestivalis [54] , which spends all its life in an air pocket on river bottoms.
Insects living on the water surface are almost all superhydrophilic and may exhibit a most peculiar mechanism for moving at high speed on the interface between water and air [122, 123] . The best analysed example is the very complex mechanism of the water striders (Gerridae) [122, 124] . Some superhydrophobic species such as Halobates even live in the open ocean far away from continents [125] .
As a final example of a sophisticated multifunctional superhydrophobic surface in insects, we present some unpublished results on the backswimmer Notonecta (figures 16b and 28) . The insect saccadically moves at high speed under the water surface. The forewings (elytra) exposed to the water are covered in a hierarchical system by a fine indumentum of microvilli overlapped by two types of large, curved and elastic bristles (setae) [54] . Approximately 250 setae per square millimetre retain a persistent air layer and reduce the fluid drag. The recent work on the related backswimmer Anisops [121] indicates that the superhydrophobic surface may have an additional plastron function. Additionally, the Notonecta air layer serves as a sensory device and may camouflage the insect.
Reptiles. Geckos with their adhesive pads show superhydrophobicity resulting from hierarchical structures of microsetae split into hundreds of nanoscale spatula [126, 127] of up to 160 • [128] . The adhesion forces to water droplets are very high, owing to the large contact area with the water droplet. Some Geckos also exhibit superhydrophobic skins [129] . Spinner et al. [130] discovered superhydrophobic abilities in snake skin (e.g. in the Gaboon viper). Birds. The body is almost completely covered by a plumage of complicated hierarchical structures; the feathers are an epidermal outgrowth of keratin. This separates birds from all other vertebrates, with the exception of certain extinct theropod dinosaurs. Structurally, they are the most complex integumentary appendages in vertebrates. Keratin is also the basis of mammalian hairs and wettable with a contact angle of about 78 • [131] .
All birds must maintain a hydrophobicity: the plumage would absorb water in rain or even in mist and is thus too heavy to maintain its mechanical function for flight; an example of adroit hydrophobicity is the refined spatially differentiated plumage of the blue swallow [132] . On the other hand, the plumage forms the thermal isolation layer: a warm-blooded homoeothermic penguin with plumage soaked with freezing water could hardly survive in Antarctic conditions. Thus, plumage keratin is coated by fatty oily substances ('preening oil') and becomes waterrepellent [133] . In particular, this is essential for birds living on water or diving under water. In water birds, many additional and particularly specialized functions may occur. Examples are the buoyancy function in ducks, a differentiation between an isolating hydrophobic inner plumage and a water-repellent outer layer in the diving cormorant [133, 134] . The most intriguing case may again be the penguin: in addition to thermal isolation, its superhydrophobicity functions as drag reduction and fulfils a particular function when the bird jumps from water onto an ice sheet. Iridescent feathers may show different wetting properties from the rest of the plumage [135] .
Mammals. Superhydrophobic surfaces are absent or very rare in mammals. Examples reported for the semi-aquatic water shrews N. fodiens [136, 137] ; however, there are contradicting observations [138] [139] [140] suggest that static electricity charge could play a role, which is still unconfirmed as superhydrophobicity in our own unpublished studies. Superhydrophobicity may occur in the inner layers of the fur of diving animals that keep an air layer for isolation.
(c) Fungi and other organisms
Fungi most probably moved simultaneously with plants onto land. The earliest true land plants had a close association with mycorrhizal fungi, replacing non-existing roots [141] . There is evidence that lichens [142] and ascomycetes [143] came into existence around the same time. Within the large number of extant species, the moulds such as Botrytis, Aspergillus or Penicillium show superhydrophobic surfaces resulting from minute rodlets on the vegetative hyphae, specifically conidiophores ( figure 11 ). The surfaces are most probably formed from a specific class of proteins called hydrophobins [144, 145] , but wax-like hydrocarbons might also be involved ( figure 11 ). Fungi are not only specialized to live on plant surfaces, but they also are simultaneously capable of dissolving epicuticular wax layers and also locally modifying the wetting properties, therefore creating its own microhabitat. They probably do this by excreting a certain type of surfactant, which is also known from epiphyllous bacteria. Similar structures have been described in lichens. In view of the results that some lichens also have superhydrophobic external and internal surfaces, they may represent a second lineage that developed such adaptations [146, 147] . In fact, only the fungal partner exhibits hydrophobic surface characteristics, which points to fungi as a huge group of terrestrial organisms that most probably colonized land in a close association with plants. Today, there are quite a number of species known that exhibit superhydrophobic surfaces (see above).
Slime moulds (Mycetozoa) are a group of unrelated Protista, sometimes called social amoeba. The spores of certain species are hydrophobic [80] . However, we have observed in Stemonitis parts of the sporangia are superhydrophobic, in particular a nanoscopic layer of unknown composition covers the sterile fibres (capillitium; figure 33 ). This new finding again proves: (super)hydrophobicity evolved even if only a part of an organism is exposed to air or for the dispersal of spores and fructification unit.
Evolution of superhydrophobicity: 450 myr of trial and error
Today's biodiversity is reflective of about 4 billion years of evolutionary history. Despite several major extinction events, the number of species has been constantly increasing resulting in an estimated number of 5-30 million species in existence today, 1.8 million of which are known to science. Today, we are facing a dramatic loss of biodiversity, mainly caused by human activities now known as 'the sixth mass extinction' [148] . For the majority of time, life existed only in marine environments; a major change took place about 450-500 Ma when the first organisms moved on land. It was necessary to address the new challenges of gravitation, exposure to different wavelengths of radiation (especially UV), and most of all, the risk of desiccation. These challenges needed a number of different new structures, materials and processes; this eventually led to a rapid emergence and radiation of new species. One of the most impressive results of this process was the progymnosperm tree Archeopteris; early on, it developed a bifacial cambium and formed the earliest forests in the Devonian [149] . One of these key innovations was the cuticle, the major prerequisites for the development of superhydrophobic surfaces in plants ( figures 6 and 29 ). This will be addressed in the following section. For a general overview of biomimetics and biodiversity, including the risks and benefits of current developments, we refer to [6] .
(a) Superhydrophobicity and plant evolution Water-repellent or superhydrophobic surfaces depend on three interfaces between liquid, solid and air; these surfaces are not expected to be found in aquatic plants. A representative survey of submerged plants or parts of plants did not reveal any surface structures apart from a few cuticular folds such as in Fontinalis, an aquatic moss. Additionally, no structures that might serve as a basis for water repellency are reported, from the various green algae that are related to embryophytes, including those adapted to terrestrial life such as Trentepohlia, Trebouxia or Coleochaete. Consequently, these groups are treated as one functional group of primarily aquatic, non-embryophyte green plants ( figure 29) .
The first group that has at least a few members with waxy water-repellent surfaces, implying having a cuticle, is Marchantiophyta, the sister to all other embryophytes according to recent phylogenies [150, 151] . This raises the question: at which point in plant evolution does this trait appear for the first time?
Although Marchantiophyta may be the most probable candidate, a few other groups of extinct plants could be considered to be the putative ancestor of embryophytes. Although the systematic nature of these organisms that may have formed a cuticle or a similar extracellular covering is controversial, they may have played an important role in the transition from water to land. One of these groups is Nematophytes, puzzling organisms with a tubular organization of uncertain affinities [152] [153] [154] [155] . However, recent investigations have led to the hypothesis that at least some fossil remnants assigned to Nematophytes are in fact Marchantiophyta [153] . This would fit to the results of the above-mentioned phylogenies, although other groups of organisms should also be considered in this context.
There are no superhydrophobic plant surfaces yet known that do not have an underlying cuticle, thus the cuticle must have evolved prior to the emergence and radiation of land plants in the Early Silurian. Some fossils assigned to Nematophytes suggest that cuticles may have existed as early as the Ordovician. The cuticle is one of the key innovations of plants facing the challenges of living on land, specifically, the risk of desiccation [156] . The cuticle is a multicomponent thin extracellular membrane [157] covering the primary aerial parts of vascular plants and many, if not all, bryophytes. It consists of a polymer fraction with embedded soluble components serving as the interface between plants and their atmospheric environment [84, 158, 159] .
The cuticle may be regarded as a natural composite comprising two major hydrophobic components: an insoluble polymer fraction composed of cutin, and in some species cutan, as well as soluble lipids of diverse chemistry, collectively called waxes. Additionally, a certain amount of polysaccharides are present (overview in [50, 84, 159, 160] ). The outer very thin region (usually less than 100 nm), called cuticle proper, contributes to 99% of the barrier efficiency [156] . The region determining the thickness, up to 20 μm, is called the cuticle layer [160, 161] . Although extensive research has been conducted on cuticle structure development and function, many aspects remain unresolved, including the detailed three-dimensional structure of cutin-within the different organs and during development [162] .
Cuticular waxes are found within the cuticle, as well as deposited upon the surface-known as epicuticular waxes. Depending on the chemical composition, epicuticular waxes are able to form complex three-dimensional crystalline structures, which may be valuable characteristics in plant systematics (overview in [107] ).
Cuticular waxes are mixtures composed of aliphatic and aromatic components [29, 91, 163] . Depending on the functional groups (-hydroxyl, -carboxyl, -ketoyl), a broad spectrum of fatty acids, primary alcohols, aldehydes, β-diketones and secondary alcohols are produced [89, 90] . Cuticular wax composition is widely variable among plant species and even in different organs, as well as during ontogeny [164, 165] .
The chemical diversity is mirrored by micromorphological diversity [29] . A specific component or substance class often dominates epicuticular wax crystal composition, resulting in a characteristic morphology. Such dependencies between chemistry and morphology have been intensively studied for some wax platelets and wax tubules. Wax platelets are found quite often in plants; they differ in shape, chemical composition and distribution [107] . Besides aliphatic components such as primary alcohols (e.g. Poaceae, Fabaceae and the genus Eucalyptus [166] ), wax tubules can be composed of secondary alcohols, predominantly nonacosan-10-ol and its homologues [48, 93, 167, 168] , whereas the second type is dominated by β-diketones such as riacontan-14,16-dione [48] .
Tubules based on nonacosan-10-ol are of particular interest with respect to plant phylogeny. Mapping the occurrence of this particular component on a phylogeny of embryophytes shows that nonacosanol appears scattered throughout all major groups including mosses, indicating an ancient common biosynthetic pathway (figure 6).
(b) Crystallinity
There has long been an uncertainty about the actual nature of epicuticular waxes, but recent investigations show that most of them, if not all, are of crystalline nature [37, 40, 41] , implying a self-assembly processes as the driving force for their formation. Self-assembly has been proved by recrystallization of waxes from organic solvents, resulting in morphologically similar structures when compared with the plant surface [40, 41, 43, 45, 47, 48, 167, 169, 170] . Re-crystallization of extracted waxes, however, reveals a vast variety of different structures and is heavily influenced by temperature, the chemical nature of the solvent and the underlying substrate [40, 43] . One of the major problems associated with epicuticular waxes was the way these molecules move onto the surface, i.e. passing through the cell wall and the cuticle. Several explanations were formulated starting with ectodesmata and finally proposing lipid transfer proteins [171] [172] [173] . However, all these hypotheses lack experimental evidence. No channel-like structures have been unequivocally proved to serve as pathways for wax molecules in the plant cuticle using SEM, TEM or AFM investigations [45, 174] .
A more recent hypothesis formulated [49] is based on the assumption that wax components are co-transported with water, because the latter is constantly lost in small amounts via cuticular transpiration. This mechanism does not require pathways, carrier molecules or sensors and is also self-regulating. While cuticular waxes are the main barriers for water permeability, the transport decreases when more wax is deposited on the surface; this easily explains the ability of many plants to regenerate disrupted partial or missing wax layer. Removing epicuticular waxes also partly removes the barrier, resulting in more wax deposited in that particular area, re-establishing a new wax layer without affecting adjacent areas has been demonstrated in situ by AFM [42, 45] . Given that this hypothesis is correct, the formation and regeneration of waxes is associated with terrestrial life, because there is not a water gradient that might act as driving force in an aqueous environment. Support for this assumption was provided by experiments on wax formation with variable air humidity [44] .
In summary, superhydrophobicity is a biological phenomenon which evolved in the late Ordovician or Silurian, some 430-500 million years ago with the conquest of land habitats. For plants and possibly insects this should be considered a key innovation for life outside of water: to avoid water films, ensuring free gas exchange, and at the same time to reduce the colonization with pathogens (e.g. fungal spores). The first use of the term 'superhydrophobic' seems to have been in 1976 in an US Patent [24] and 12 years later in a publication [12] . The principle of superhydrophobic hierarchically structured and self-cleaning surfaces we first published in [8] , the term for this phenomenon, the lotus effect, was first coined in a small publication for a general audience by Barthlott in 1992 [10] . After the first thorough explanation of the physico-chemical basis in The purity of sacred lotus by Barthlott & Neinhuis [11] Lotus Effect gained public interest only 5 years later: the diagram ( figure 7) shows the dramatic increase of publications based on the statistical data provided by the Institute of Scientific Research ISI. In 2015, around 1200 articles were published on the subject, mainly dealing with aspects for biomimetic applications. The number of citations of the term 'superhydrophobic' is closely followed by that for 'lotus effect'. The Lotus-technology was patented (1996) and registered in the same year as the trademark Lotus Effect (today STO company). Search machines like 'Google' provided (May 2016) some 600 000 hits for 'lotus effect' and some 520 000 hits for 'superhydrophobic'. [7] , (b) from [62] .
Biomimetic technical applications
lotus of Hinduism and Buddhism was the accelerator for the interest of engineers and physicists in biomimetic surfaces of today. It caused a shift in paradigms and is the basis for modern biomimetic superhydrophobic surface technologies.
There is a broad spectrum of technologies used to fabricate hierarchically structured superhydrophobic surfaces (surveys in [13] ). For prototypic copies, replica techniques were developed in the 1990s [39, 176, 177] , reproducing the biological model surfaces with an astonishing and unrecalled precision down to the nanoscale. Plasma etching and related techniques enable the fabrication of simple 'rough' surfaces in hydrophobic materials (overview in [178] ). In contrast, three-dimensional lithographic methods allow highly complex architectures with complex undercuts like in the replica of the Salvinia trichomes (figure 34b) by Tricinci et al. [62] . The self-assembly techniques are unsurpassed. They are biomimetic in a twofold sense: not only the biological structure, but also the technical process is also biomimetic. A hydrophobic coating is added to a hydrophilic base to generate a superhydrophobic surface: e.g. in electrochemically structured copper foils ( figure 19 ) [39] . The most successful product economically on the market, the facade paint Lotusan , is based on various inorganic particles, including TiO 2 as pigment in a hydrophobic silicone resin resulting in a perfect hierarchically structured surface. On a much smaller scale, carbon nanotubules provide an example of superhydrophobic surfaces [179] [180] [181] [182] .
Meanwhile, light transparent superhydrophobic surfaces like those of the dragonfly wings (figure 3a) are of great interest for transparent glass and polymers [183, 184] . Another technology, liquid infused superhydrophobic slippery surfaces, has gained particular interest. Here, chemical heterogeneities are achieved not by 'air pockets' (figure 24), but by hydrophobic liquids like fluorated oils [22, 185, 186] .
The broad spectrum of applications of biomimetic superhydrophobic surfaces involves the functions inspired by the biological role models ( §6) and can be divided into three categories, as is often the case in biology, they may often fall into multiple categories.
Water repellency and anti-icing. Technological functionalities are added to avoid wetting with water or to obtain anti-icing properties. A whole range of products and techniques are on the market, mostly coatings or sprays, the product names often indicate their function (e.g. 'NeverWet'). Dry surfaces may allow new dimensions in textile-based architecture owing to weight reduction during rainfall. Anti-ice and anti-frost performance are increasing in importance [187, 188] .
Adhesion reduction. There is a vast amount of literature about lotus effect (figures 14 and 26) technologies (survey in [13] ). Permutations of the lotus effect technology have been described, for example 'rose petal effect' 'rice effect' or 'butterfly effect' (survey in [3] ). However, the physical frame conditions for self-cleaning by the rolling-off of water droplets and self-cleaning are not always completely understood by the general public. An example are the leaves of the lady's mantle (Alchemilla), which are hierarchically structured and superhydrophobic [189] , but they have only limited self-cleaning abilities, because the structures are too large, exhibit chemical heterogeneities and even trap small contaminating particles. The same applies for most airretaining surfaces such as in Salvinia or Pistia: only within a certain scope of structural dimensions previously outlined in [11] self-cleaning is physically possible. We observed that when large rain droplets with a high kinetic energy hit the surface, they are deformed and penetrate between the large hairs and remove particles.
Air-retaining surfaces for underwater applications. The Salvinia effect technology to maintain stable air layers up to several months or even permanently was recently described [15, 54, 57, 106] and usually requires a complex microarchitecture (see [62] ). Air-retaining surfaces are described by the same physical frame conditions for biomimetic applications, the same four/five principles given in §5 apply-chemical hydrophobicity, hair-like structures, undercuts/overhangs and elasticity. Additionally, chemical heterogeneities for air layer stabilization (Salvinia paradox) could be added. The technical applicable functions are also similar to those found in the biological role models ( §6). Air-retaining surfaces are possibly the most complex biological (e.g. Salvinia) surfaces and the biomimetic application may include Air layers for isolation: thermal isolation might be a possible application for air layers under water, or for conductive isolation or for protecting a corrosive material. An air layer as a barrier between a corrosive or current-carrying material prevents the material from being in contact with the liquid phase (e.g. also corrosive acids).
Air layers for fluid drag reduction: This seems to be the most interesting application for ship building [190] and other applications for the Salvinia effect. A fluid drag reduction of up to 10% was measured in 2007 on a prototype boat, 7 m long [58] and up to 30% for smaller advanced surfaces in a hydrodynamic water channel [191] . Because the majority of goods are transported globally by large container ships, our calculations and assessments indicate a possible global reduction of fuel (oil) consumption of 125 million tonnes and of 395 million tonnes of CO 2 emission per year. For literature and the physical background, we refer to the discussion and dates in the previous § §1 and 5a.
Air retaining grids are a novel technology introduced here; biological role models were introduced in §5. Grids are a simpler and relatively cost-effective technique for maintaining a persistent air layer under water (compare [62] ). The superhydrophobic grid-or netlike structures act as spacers above the superhydrophobic coated surface (figure 35)-a rather simple technological solution that can be applied to many different surface materials. Additionally, elastic grids can be superimposed onto compartmented surfaces ('honeybee comb structures') to stabilize the air layer under dynamic conditions (see §5a). Chemical heterogeneities (pinning points for the air-water interface: Salvinia paradox) could also easily be added.
Air layers to avoid biofouling (antifouling): air layers cause an additional important drag reducing effect in fluids. The colonization of ship hulls with organisms (biofouling) such as crustacean barnacles (e.g. Pollicipes) and other organisms is an economic problem for the global shipping industry, and comprehensive literature is available. A permanent air layer is predicted to prevent a biotic colonization [26, 192] . Furthermore, as we previously discussed on isolation, ship hulls could be equipped with toxic coatings and still minimize environmental pollution if there is an air layer present.
Air layers for sensory functions: as indicated under 'biological functions' ( §6), the backswimmer Notonecta uses the compressibility of the air layer in combination with around 13.000 mechanoreceptors on each forewing to measure pressure waves for prey detection ( figure 28) . Notonecta sensors provide a novel principle for under water detection, hydrophones and other applications.
Air layers for camouflage: as described in the biological functions ( §6), elastic air layers under water could possibly be used to avoid sonar, and to a certain extent, optical detection methods. They may imply very different fields between fishing sport and military applications. figure 34) solution that is easy to fabricate, they can even be elastic and chemical heterogeneities may be added. Grids are mounted over small compartments creating fragmented surfaces; the compartment boarders may exhibit a refined architecture to allow the air layer stabilization under hydrodynamic conditions or changing pressures. Grids are extremely rare in organisms, due to developmental reason (examples see §5b). This technique is somewhat contrasting to the Salvinia principles ( figure 21 ). (Online version in colour.)
Air layers for gas exchange: as an application found in insects or plants, and also in technical applications where gas exchange is important, air layers could serve as gas reservoir ('plastron') or could be used to enhance specific processes. The technology could be applied to bionic medicine.
Stability and sustainability: the gilded age of surface technologies
Surfaces are the thin interfaces between the solid bulk material and its environment. They are the boundary layers that determine all environmental interactions: this is the reason that surfaces play such a crucial role in the evolution of organisms and in technical applications: 'small things-big effects'.
'Surfaces' in engineering are considered to be the thin boundary layers exposed to the physical and chemical influences of the environment. In plants, it is not the stable polymer cutin which ultimately determines the interaction, but the epicuticular wax crystals or even only the monomolecular films of wax. Thus, surfaces-in particular hierarchically structured surfacesare very sensitive to mechanical, physical (e.g. ultraviolet radiation) and chemical (e.g. oxidation, water, solvents, surfactants) influences. The stability and durability of these layers is a major technological challenge.
Biological surfaces may be very stable and last a long time-like the shells of turtles or the leathery wettable leaves of certain plants. However, refined hierarchically structured superhydrophobic surfaces maintain their functionality only for a limited period of time. Superhydrophobic lotus leaves only last a year or less. The persistence of superhydrophobicity can be studied in the permanent growing shoots of certain 'blue' columnar cacti (e.g. Pilosocereus pachycladus). However, the ideal example is the leaves of Welwitschia mirabilis (figure 31) that are covered by nonacosan-10-ol crystals (figure 4c) and grow continuously from their base; they may reach an age of more than 100 years. We have observed under greenhouse conditions the wax layer is eroded after about 1 year and the surfaces became wettable. Conversely, we have previously shown that surfactants added to commercially applied pesticides destroy the structural integrity of epicuticular wax crystals, removing the hydrophobicity and thus the selfcleaning abilities (figure 27); as a consequence, the natural defence barriers of many crop plants against fungal spores are removed [102, 193, 194] . This should have drastic consequences in the application of pesticides in agriculture.
Technical products are not necessarily based on waxes, but are from refined other technologies, and are thus significantly more stable. Facade paints based on particles embedded into a hydrophobic silicone resin (such as Lotusan ) maintain the (super-)hydrophobic properties by chalking, i.e. the outermost layers are lost owing to weathering. Such Lotus Effect surfaces (figure 9) are known to maintain their functionality for at least two decades. Surface nanocoating technologies play an increasing economic role (compare [2] ). To use Mark Twain's title of his novel published in 1873: we live in 'the gilded age' of surface technologies. However, it is a trivial experience of every good restaurant owner: there is a basic difference between a massive solid silver spoon and a silvered utensil. Often the surface limits the lifespan of a product: from the high-tech-coated repellent lavatory in the bathroom to the most convenient anti-reflex coatings of spectacle glasses: after a few years, the whole product may be ruined, its optical appearance spoiled and it will need to be replaced. The colloquial language knows the difference between 'solid' and 'superficial'. It is increasingly the surface that determines the lifespan of products: the biggest challenge in surface technologies may be the ultimate stability and durability of the products.
In biology, the functionalities of surfaces are adapted to the lifespan of the organ or organism: a superhydrophobic hierarchically structured delicate lotus leaf only needs to function for less than a year. In contrast, lotus seeds with a hard seed coat have a lifespan and viability of more than 1400 years. Nature's prototypes are sustainable for the time spans and environments they have been designed for through the process of evolution. Are expensive bathroom lavatories or spectacle glasses designed for a lifespan of only a few years, to ultimately end up in the trash? Living in the anthropocene with its ever-increasing world population, as opposed to its decreasing resources, we increasingly and urgently have to address the question of sustainability of products. Natural resources are decreasing along with the number of living species: the loss of biodiversity inherently means the loss of 'living prototypes', the biological role models of bionics and biomimetics [95] . It may be another neglected but crucial lesson from the surprising biological diversity: biomimetics must include the concept of sustainability for its products-otherwise, it remains only mimicry.
Conclusion
On the basis of our own research of almost 20 000 species and many abiotic and technical surfaces, we have demonstrated that hierarchically structured superhydrophobic surfaces evolved in living organisms about 450 Ma. A systematic survey of biological superhydrophobicity is provided: higher plants and insects provide, by far, the largest number and most sophisticated structures for biomimetic applications. A comprehensive survey of the biological construction principles is provided: chemistry and hierarchical sculpturing up to three or more superimposed levels.
Bionics as a science was established between 1880 and 1926. However, the interest in biomimetic surfaces arrived surprisingly late with the introduction of the Velcro principle in 1958. Superhydrophobicity plays a notable role only after 1997. The biomimetic technical potential of biological surfaces was largely ignored over the last century, but it provided inspiration for many exciting technical innovations in the last three decades. Ironically, the terms 'bionic' and 'biomimetic', as they are defined by the scientific community, are increasingly applied for purely marketing reason to non-bionic (parabionic) products.
Biological evolution is a slow process spanning millions of years. It works by undirected processes such as mutation and selection and thus tries all constructional possibilities-the vast majority of mutations are detrimental and will disappear. But out of discussion are million years of research and development for technical engineering: the material scientist has a goal to fabricate a particular product in a limited time, using experimental trial-and-error approaches, calculation and modelling. The crucial point is the fact that an engineer must have a particular target of what he wants to reach. The unexpected, the unthinkable, cannot be in his thoughts: this is the second crucial difference to biological evolution.
It may have taken a couple of decades to identify microscopic elastic egg-beaters with nanoscopic wax crystals and hydrophilic pins for persistent air retention under water, but the floating fern Salvinia had over 30 myr to perfect them by mutation and selection in its evolution. We still have insufficient knowledge of the incredible spectrum of biological surface structures. We do not even understand the structural base or function of the magnetic field like wax crystal orientation on a leaf of the lily of the valley (figure 12) in our garden.
